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Today, there is only very limited information of the regulation of
energy metabolism in neuroblastoma (NB) cells, although this is a
prerequisite condition for development of more efﬁcient treatment
protocols. It is believed that NBs have increased rates of aerobic
glycolysis and display a Warburg phenotype. The aim of the present
studywas to determine if there are speciﬁc alterations of aerobic energy
metabolism in NBs, or if there is an overall down regulation of oxidative
phosphorylation (OXPHOS) complexes. To clarify the mechanisms of
regulation of mitochondrial respiration in NBs, we determined the
apparent Km value for exogenously-added ADP. We found that the Km
for ADP in non-differentiated and differentiated (normal) Neuro-2a
(N2A) cells have very similar values, 20.3±1.4 μM and 19.4±3.2 μM,
respectively, and the maximal (in the presence of 2 mM ADP) rate of
O2 consumption by differentiated N2A cells exceeds considerably (N2
times) that measured for non-differentiated cells. Our ﬁndings
suggest that NB cells have, in comparison with normal differentiated
neural cells, a decreased activity of OXPHOS.
Metabolic control analysis (MCA) performed onN2A cells suggest that
in NBs the key sites of the regulation of OXPHOS are Complex-I (Flux
control coefﬁcient, FCC=1.11), Complex-II (FCC=0.99) and IV
(FCC=0.92), since FCC(s) for other mitochondrial complexes were
found to be substantially lower and they have approximately equal
values. In the mitochondria of differentiated N2A cells the key sites of
respiratory regulation were found to be Complex-II (FCC=1.34) and
IV (FCC=0.99).Moreover, our data suggest that in differentiatedNB cells
the Complex-II activitymay exceed considerably that inmalignant cells. It
ismost interesting that inN2Acells (like for example in breast cancer cells
in situ) the sum of FCC(s) for ADP activated respiration exceeds
signiﬁcantly 1 normally observed in oxidative tissues and isolated
mitochondria and is close to 4. This indicates the altered structure of
the mitochondrial respiratory chain in N2A cells. Indeed, our results
suggest that the mitochondrial respiratory chain and OXPHOS system
contain large respiratory supercomplexes with direct substrate
transfer inside these complexes.
doi:10.1016/j.bbabio.2012.06.357
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Mitochondria are able to vary electron transport, oxygen con-
sumption (VO2) and ATP production to match cytosolic ATP demand.
The primary intermediate of this coupling between ATP demand and
VO2 is thought to be the proton motive force (ΔP) however the heart
literature reports large changes in the rate of ATP production with
very little in ATP phosphorylation potential. Recently, we have
developed a technique to quantify, in millivolts, the mitochondrial
membrane potential (ΔΨ), pH gradient (ΔH+) and hence ΔP in living
cells from the oxidation state of the b-hemes of the bc1 complex and
cytochrome c (Cytc) measured with multiwavelength cell spectros-
copy (Kim et al., Biophys J, 2012. 102(7): p. 1194–1203). It was found
that the addition of glutamine to cells doubles VO2 at almost constant
ΔP and this is achieved by increasing ΔΨ and decreasing ΔH+
resulting in a reduction of Cytc and an increased driving force through
cytochrome oxidase.
RAW 264.7 mouse macrophage cells were cultured overnight in
glutamine-free RPMI media and then resuspended in the samemedia.
Addition of 2 mM glutamine led to an increase in VO2 from 21.6±1.7
to 41.0±3.0 μM/min (Mn±SD, n=6) over a period of 15 min. Prior
to addition of glutamine, ΔΨ, ΔH+ and ΔP were 133±3, 52±3 and
185±3 mV, respectively, and 154±3, 26±3 and 180±3 mV 15 min
post glutamine. Thus VO2 had doubled with only a 5 mV drop in ΔP.
Analysis of the electron transport chain showed a small oxidation
in NADH from −347±4 to −336±5 mV, an oxidation in the
ubiquinone pool from 57±4 to 73±3 mV and a reduction in Cytc
from 301±2 to 291±3 mV.
Glutamine is imported into the matrix where it is converted to TCA
cycle intermediates which are weak acids; their accumulation explains
the acidiﬁcation of the matrix. The bc1 complex transduces ΔP+ΔH+
millivolts of energy into the chemiosmotic gradient per electron.
Because the bc1 complex works close to equilibrium (ΔG=−6±
1 mV and−12±1 mV before and after glutamine, respectively), Cytc
becomes more reduced with respect to the ubiquinone pool when
ΔH+ decreases. This 10 mV reduction in Cytc provides an additional
driving force for ﬂux through cytochrome oxidase so that ΔP need
only change by 5 mV for a doubling of ﬂux.
The results have important implications for the regulation of the
electron transport chain by mitochondrial ATP-sensitive potassium
channels as high ATPwill open the channel resulting in a decreased ΔΨ
and increased ΔH+ thus switching off the electron transport chain.
doi:10.1016/j.bbabio.2012.06.358
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Theories of energy metabolism of cancer cells have been based on
discovery by OttoWarburg of high glycolytic rate and increased levels
of lactate even in the presence of oxygen, a phenomenon termed
“aerobic glycolysis” or “Warburg effect”. This hypothesis has pre-
vailed till the last decade, however, recent studies have shown that
there are types of cancer cells with signiﬁcant OXPHOS and in some
malignant tissues the activity of respiratory chain is even higher than
in normal cells of the same type.
In our study, to investigate the regulation of energy metabolism in
cancer cells, the metabolic control analysis (MCA) has been applied to
human breast (BC) and colorectal cancer (CC) permeabilized tissue
samples in comparison with healthy tissue of same type. MCA helps
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to understand themechanisms bywhich a given enzyme exerts high or
low control on the metabolic ﬂux and how the control of the pathway
is shared between pathway enzymes and transporters. By applying
MCA it is possible to identify the steps that could bemodiﬁed to achieve
a successful alteration of ﬂux or metabolite concentration in pathways,
in our case inhibit cancer cells energy metabolism. The results of our
study indicate that the breast cancer cells have signiﬁcant OXPHOS, in
comparison of the control — normal breast tissue. The main regulative
complexes of respiration in human BC cells are complex IV (ﬂux control
coefﬁcient — FCC=0.74), ATP synthase (FCC=0.61), and inorganic
phosphate carrier (FCC=0.60), FCC(s) for other complexes were
found to be lower, but still substantially high and close values (0.2–
0.4). The reason of this high control coefﬁcients are not diffusion
restrictions, because the concentration range for inhibitors did not
differ from those for isolated cardiomyocytes. The sum of the FCC is
close to four indicating direct channelling between the complexes or
formation of one supercomplex of the mitochondrial respiratory
chain and OXPHOS system. In BC as well as in control breast and
colorectal tissue there is no signiﬁcant difference between the
activities of respiratory chain complex I (CI) and CII, but in human
colorectal cancer cells the oxygen consumption rate of complex II is
signiﬁcantly higher. The Km(ADP) is with close value in CC and control
tissue, but in this cancer type, oxygen consumption rate is signiﬁcantly
higher in control tissue than cancer cells.
doi:10.1016/j.bbabio.2012.06.359
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Doxorubicin is one of the most powerful drugs used in chemo-
therapy of a large number of cancers. However, its anti-tumor effects
are associated with serious cardiotoxicity, which can lead to heart
failure. So far, mechanisms responsible for cardiotoxicity are not fully
understood [1–3]. Here we provide evidence that persistent alter-
ations in protein kinase cell signaling may play a key role in the
etiology of cardiotoxicity. In this study, we apply targeted analysis of
key protein kinase pathways [4] as well as non-biased analysis of the
entire cardiac phosphoproteome [5] in two different model systems:
isolated perfused rat heart, and heart from doxorubicin-treated rats.
Although doxorubicin induces energetic, oxidative and genotoxic
stress in the heart, activity of the energy stress sensor AMP-activated
protein kinase is paradoxically down-regulated [4]. Pro-survival
MAPK and Akt pathways are activated, the latter via DNA damage
sensed by DNA-PK. This is at least partially responsible for low AMPK
activity, since Akt inhibition can restore AMPK activation. Combined
inhibition of AMPK and activation of Akt and MAPKs also leads to
activation of growth-stimulating mTOR signaling. Such signaling
increases cellular energy deﬁcits and, via active mTOR signaling, also
contributes to the pathological cardiac phenotype. Cardiac phospho-
proteomics based on 2D-gels and mass spectrometry revealed further
alterations of phosphorylation and dephosphorylation events that are
associated with the early response to doxorubicin [5]. Some candidate
phosphoproteins with putative functions in cardiotoxicity are
currently under investigation. This study emphasizes the importance
of cell signaling for our understanding of doxorubicin cardiotoxicity.
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Glycolysis, glutaminolysis, the Krebs cycle and oxidative phosphor-
ylation are the main contributors to cell metabolism. Glycolysis and
glutaminolysis are strongly elevated in cancer cells providing themwith
ATP and building materials for tumor expansion, although the
mitochondria normally do not lose their capacity for energy production
[1]. As a result, cancer cells can actively proliferate at deep hypoxia and
often have elevated HIF-2 levels [2]. However, in energy stress
conditionsHIF pathways and viability of cancer cells may be suppressed
by deﬁciencies in metabolic pathways, and this can be probed by
depriving the cells in keymetabolic substrates.We examined glycolysis,
O2 consumption rate (OCR), O2 levels, metabolic responses and HIF-2
signaling in pheochromocytoma PC12 cells, maintained for up to 6 h
on different combinations of key metabolic substrates (glucose,
pyruvate or glutamine — 12 combinations in total). The cells
maintained on one of the substrates did not lose viability, mitochon-
drial Ca2+, membrane potential and respiration. Upon uncoupling
with FCCP the mitochondria were depolarized similarly in all the
cases, but strong increase in respiration was only seen in the cells fed
on glutamine combined with either glucose or pyruvate. Surprisingly,
the response to FCCP did not correlate with ATP levels, which rapidly
dropped upon uncoupling in the absence of glucose. At reduced O2
availability (4% and 0% of atmospheric O2), cell bioenergetics and
local oxygenation varied drastically depending on the substrate
composition. Cellular ATP and O2 levels, in turn, orchestrated HIF-2a
stabilization. At 4% O2, rapid and deep deoxygenation was observed in
the cells lacking glycolytic ATP and maintained on glutamine and
pyruvate. In these cells HIF-2a level reached maximum in 2 h and
then gradually decreased. At the same atmospheric O2, only minor
HIF-2a stabilization was seen in the cells fed on glucose and/or
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